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ABSTRACT  
 
Carbon was deposited on a mild steel cathode during electrolysis in the molten mixture of Li2CO3-
K2CO3 (mole ratio: 62:38) under the CO2 atmosphere at 3.0 - 5.0 V and 540 - 700 
o
C. In a three-
electrode cell, cyclic voltammetry was applied on a platinum working electrode to study the 
reduction and deposition processes. A two-electrode cell helped correlate electrolysis variables, e.g. 
temperature and voltage, with the deposition rate, current efficiency, and properties of the deposited 
carbon powders. High current efficiency (> 90 %) and deposition rate (> 0.11 g cm
2
 h
1
) were 
achieved in the study.  Elemental analysis of the electro-deposits, following washing with HCl 
solutions (2.3 - 7.8  mol L
1
),  showed  carbon as dominant element (75 - 88 wt. %) plus oxygen (5 - 
10 wt. %) and small amounts of other elements related to materials of the electrolytic cell. 
Thermogravimetry detected a fairly low onset combustion temperatures (315 - 430 
o
C), depending 
on the electrolysis and acid washing conditions. Amorphous and various nanostructures (sheet, 
rings and quasi-spheres) were revealed by electron microscopy in carbon samples deposited under 
different process conditions. The specific surface area of the carbon deposited at 5.0 V and 540 
o
C 
was as high as 585 m
2 
g
1
.  An analysis of the energy consumption suggests an overall cost below 5 
$ kg-C
1
 for functional uses of the electro-deposited carbon.   
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1. Introduction  
 
High demands for energy and materials have undoubtedly resulted in numerous concerns, primary 
of which is the increasing amount of released carbon dioxide (CO2) and its adverse effect on 
atmospheric conditions. There have been different approaches on tackling the increase in CO2 
emissions. Nevertheless, fossil fuels are still being used and the production of CO2 will continue.  
The switch to using renewable sources of energy (e.g. wind, solar, tidal, biomass and hydropower) 
have gained universal acceptance, but the development is slow, largely due to the significant cost, 
unsecured availability and intermittency issues. Due to these concerns, it is predicted that for 
decades to come, fossil fuels will still play a dominant role in the energy industry. This therefore 
emphasises the need to capture the CO2 produced where possible and store it safely in for example 
appropriate geological formations, or transform it into a useful material.  Such carbon capture and 
storage (CCS) or conversion (CCC) approaches are amongst the many proposed technologies of 
providing mediation to the current global warming issue, although debates on the related merits and 
limitations remain commonplace in the literature. Considering the huge global CO2 emission, CCC 
development should be in multiple directions and in complement with CCS. Also, the products from 
CCC can in principle generate revenues and hence offset the cost of CCS. There is also the ultimate 
possibility to apply CCC and affordable renewables for utilisation of the stored CO2 from CCS so 
that carbon supplies for synthesis of materials and fuels can be maintained in the post-fossil era.                                                    
 Of various CCC approaches, the electro-reduction of CO2 in aqueous solutions is feasible and 
this requires using the appropriate electrolyte, electrode material, catalyst and operating condition 
[1-3]. Photochemical conversion of CO2 in water to high-energy products such as CO, CH3OH and 
other hydrocarbons is also possible in the presence of suitable photocatalysts. This process utilizes 
semiconductors, which absorb light and generate holes and electrons. The electrons reduce CO2 and 
the oxidation of water is carried out by the positive hole. The entire process utilises expensive photo 
catalysts and the overall rate for the oxidation of water is low [1], which hinders further commercial 
development. Instead of storage or impractical conversion, the captured CO2 via a molten salt based 
electrochemical route can be converted to carbon nanomaterials [4-6]. Electrochemical deposition 
of carbon can be achieved by either electro-reduction or electro-oxidation. Ingram et.al in 1966 
reported cathodic deposition of carbon in molten alkali carbonate [7]. Apart from alkali carbonates, 
several authors have experimented other salt mixtures. For example, electro-deposition of carbon 
films was studied in molten LiF-NaF-Na2CO3 at 700 - 800 
o
C, confirming that CO3
2-
 ions were 
produced from the reaction between O
2-
 ions and CO2 supplied to the molten mixture [8].  The 
deposition of carbon was also achieved on aluminium and titanium oxide scale electrodes 
respectively in a LiCl-KCl-K2CO3 mixture [9,10]. Overall, the conversion route involved the 
electrochemical reduction of carbonate ions in molten carbonate salts to carbon and oxide ions. The 
oxide ions in turn reacted with CO2 to regenerate the carbonate ions. In effect, CO2 was 
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electrochemically reduced to carbon in an indirect manner. Several authors in recent years have 
confirmed the cathodic deposition of carbon in Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25.0, mole ratio) 
[11-16], but to the best of our knowledge only one study [17] reported on carbon deposition in the 
binary mixture of Li2CO3-K2CO3, whilst another [18] used the binary mixture as the electrolyte for 
the electro-carburisation of mild steel. In both cases, little was attempted to correlate the process 
variables with the product properties. More efforts are thus needed to understand the Li2CO3-K2CO3 
binary melt, which in turn can help, together with studies in other binary and tertiary melts, achieve 
effective CCC in molten salts.   
 In this research, the indirect electrochemical reduction of CO2 to carbon in the binary molten 
carbonate salts, Li2CO3-K2CO3, under different conditions was performed. Using the conventional 
three electrode cell, the main reduction and oxidation reactions were studied by cyclic voltammetry.  
Further, the corresponding deposition rates and current efficiencies for the process were obtained 
from electrolysis in the two-electrode cell. The produced carbon was characterised using X-ray 
diffraction (XRD), transmission electron microscopy (TEM), energy dispersive X-ray (EDX), and 
nitrogen adsorption isotherm. The carbon content, combustion profiles, and onset combustion 
temperatures of the different carbons were obtained using thermogravimetric analysis (TGA). The 
feasibility of the process for commercial development was also considered.  
 
2. Experimental 
2.1. Electrochemical tests 
The indirect electrochemical reduction of CO2 was carried out in the molten eutectic mixture of 
Li2CO3-K2CO3 (mole ratio, 62: 38) under an atmosphere of CO2 in the temperature range of 540 - 
700 
o
C. The experimental setup shown in Figure 1 included an alumina crucible (Almath) 
containing the molten salt placed in a stainless steel retort with cooling water circulating around the 
lid.  The salt (250 g) was dried at 140 
o
C under vacuum for up to 14 hours to remove moisture 
before heating up to the desired temperatures under CO2.  
 Cyclic voltammetry in a three electrode cell was used to study the electrochemical reactions in 
the eutectic melt. These studies were carried out using a PGSTAT30 Autolab potentiostat 
(Ecochemie) which was controlled by a PC using the General Purpose Electrochemical Software 
(GPES). The reference electrode, as reported before [19], constituted of a silver wire placed in a 50 
cm long alumina tube (Multilab Ltd) with a closed end containing molten Li2CO3-K2CO3 and 10 
mol % AgCl.  The alumina tube wall near the closed end was thinned by grinding to below 0.1 mm 
to function as a membrane. The working and counter electrodes used were a platinum (Pt) wire 
(0.25 mm in dia., 0.11 cm
2
 in contact area with electrolyte) and a stainless steel rod (Grade 304, 6.0 
mm dia., 0.40 cm
2
 area)  respectively. Pt was chosen for its wide potential window in the electrolyte, 
and stainless steel as result of its moderate cost, oxidation resistivity and conductivity.  
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Figure 1 – Diagram (not to scale) of the molten salt electrochemical cell used in this 
research. The arrangement shown above is the three electrode cell arrangement. For the 
two electrode cell arrangement, the reference electrode was not used, and the working 
and counter electrodes became the cathode and anode, respectively [20]. 
  
2.2. Carbon electrodeposition process  
To deposit the carbon, electrolysis was carried out in the two-electrode mode (i.e. without the 
reference electrode in Figure 1) using an Agilent E3633A 20 A /10 V auto ranging DC power 
supply. The cathode and anode materials used were 5 mm diameter mild steel and 6 mm diameter 
stainless steel rods respectively. Both mild and stainless steels are affordable for industrial uses, and 
have high cathodic stability, whilst the latter is far more oxidation (corrosion) resistant and hence 
was selected for the anode. Electrolysis was carried out at 3.0, 4.0 and 5.0 V for 1800 - 3600 s. On 
successful carbon deposition, the carbon on the cathode was immersed in deionised water and 
stirred continuously until all the carbon at the end of the rod was removed. The filtered carbon was 
then washed with 2.3 - 7.8 mol L
1
 HCl  solutions to remove the residuals or impurities from the 
carbon powder matrix and then rinsed with hot water (<100 
o
C) before drying at 60 - 120 
o
C in air 
or vacuum.  Higher drying temperatures were not applied to avoid heating induced changes to the 
carbon so that the effect of electrolysis variables can be studied properly.  
 
2.3. Basic characterisation of deposited carbon  
The carbon powder obtained after washing and drying as described above was used directly for 
characterisation. To analyse the elements present in the carbon, energy dispersive X-ray (EDX) 
spectroscopy was carried out using an environmental scanning electron microscope fitted with a 
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EDAX Genesis 2000 EDX detector. To study the crystallinity of the carbon, X-ray diffraction 
analyses were carried out using a Hiltonbrooks X-ray diffractometer installed with a DG3 Cu-K  
generator and PW1050 goniometer. A transmission electron microscope (JEOL 2000 FX) was used 
to obtain structural images of the samples. To evaluate the N2 adsorption-desorption isotherm at –
196 
o
C (77 K), an accelerated surface area and porosimetry system (ASAP 2420, Micrometrics) was 
used at relative pressures ranging from 10
5
 to 1 Pa. The Brunauer Emmett-Teller (BET) specific 
surface areas were derived from the N2 adsorption-desorption data. The total pore volume was 
estimated from the amount of N2 adsorbed at the highest relative pressure (p/p
o 
= 0.98). 
Thermogravimetric analysis (TGA) was carried out using a SDT Q600 (TA Instruments) to 
investigate the carbon content and combustion activation energy (CAE) of the carbon.  
 In TGA, compressed air and 99.999 % pure N2 (Air Products Ltd.) were used as purge gases. 
The reference chars (KK and KLY27) were obtained from devolatisation of KleinKojpe and 
Kellingley coals respectively at 900 
o
C, residence time of 200 ms, and an atmosphere of N2 with 
1 % O2 in a drop tube furnace. The non-combustible content (NCC) and onset combustion 
temperature (OCT) were calculated from the carbon content data. User-defined programs are 
outlined below for the different studies with 5-10 mg of carbon sample in each case.  
 Carbon content:  1. Select gas: N2. 2. Ramp temperature to 200 °C at 20 °C min
1
. 3. Hold 
temperature at 200 °C for 900 s. 4. Select gas: air. 5. Ramp temperature to 1000 °C at 20 °C min
1
. 
Combustion activation energy:  1. Select gas: N2. 2. Ramp temperature to 115 °C at 0.5 °C min
1
. 3. 
Hold temperature at 115 °C for 900 s. 4. Select gas: air. 5. Ramp temperature to 450°C at 0.5 °C 
min
1
.  6. Hold temperature at 450 °C for 600 s.  Repeat steps 1- 6 with the heating rate increased to 
1, 5, 10 and 20 °C min
1
.  
 
3. Results and discussion  
3.1. Electrochemical reaction study  
Cyclic voltammetry was utilised to investigate the electrode reactions in molten Li2CO3-K2CO3 
(mole ratio of 62:38) under the CO2 atmosphere at different temperatures with the Pt wire working 
electrode. As shown in Figure 2, during the scan toward more negative potentials, no current peak 
was observed until the end of the scan (cathodic limit), which indicates that Pt was inert in the short 
time the experiment was performed, irrespective of the molten salt temperature (MST). The main 
reduction current (C1) at the end of the negative potential scan, i.e. –2.00 V vs. Ag/AgCl, was likely 
due to the reduction of carbonate ions to carbon [7, 12, 21] as presented by reaction (1), involving 
the transfer of four electrons [22]. Other competing reactions at the cathodic limit may include 
reactions (2) and (3), but carbon deposition is more favourable thermodynamically as shown in 
Table 1 which lists the standard potentials of reactions (1) to (3) at the applied MST. The standard 
potential (1.71 V) for reaction (1) using Li + as the cation matches the cathodic limit in Figure 2b.  
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During carbon deposition, the principal anodic reaction was either the oxidation of carbonate ions 
as noted by reaction (4) [6, 14, 17, 23] or that of oxide ions given by reaction (5) [24].   The 
standard potentials for reaction (5) versus that reaction (4) (i.e. vs. CO3
2
/CO2-O2) are 0.51, 0.47 
and 0.39 V at 540, 593 and 700 oC, respectively.    
 
 CO3
2
 + 4e

 → C + 3O2            (1) 
  M
+
 + e
 → M   (M represents Li or K)                  (2) 
  CO3
2
 + 2e

 → CO + 2O2                     (3) 
  2CO3
2
 → 2CO2 + O2 + 4e

                     (4) 
          2O
2
 → O2 + 4e

                       (5) 
 
  
 
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 – Cyclic voltammograms of a 0.25 mm Pt wire electrode in the molten eutectic 
mixture of Li2CO3-K2CO3 (mole  ratio: 62:38) at (a) 540 
o
C, scan rate:100 mV s
1
; (b) 
540, 593 and 700 
o
C, 100 mV s
1
; (c)  540 
o
C; and (d) 700 
o
C at the indicated scan rates.  
(a) 
(b) 
(c) 
(d) 
A4 
A4 
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At all temperatures (Figure 2b), two or three oxidation peaks were observed on the CVs during the 
reverse (anodic) scan. The first oxidation peak (A1) at 1.15 V observable at all three applied 
temperatures should correspond to the re-oxidation of the deposited carbon according to reaction (6) 
with the aid of oxide ions which were those generated from reaction (1) and remained in the 
immediate vicinity of the working electrode.    
 
 C + 2O
2
 → CO2 + 4e

                                 (6) 
 C + 2CO3
2
 → 3CO2 + 4e

                     (7) 
 
 Holding the working electrode potential at –2.00 V vs. Ag/AgCl for 10 s increased the current 
of peak A1 as shown in Figure 2a. This suggests that more carbon was produced and re-oxidised 
immediately with the assistance of the oxide ions remaining in or near the carbon deposit.  The 
oxidation peak (A2) at –0.99 V observed at 540 oC was likely due to the re-oxidation of carbon 
involving carbonate ions according to reaction (7). When the working electrode potential was held 
at –2.00 V for 10 s, this peak disappeared, suggesting the presence of sufficient oxide ions to enable 
the carbon oxidation in one step according to reaction (6). The standard potentials for the oxidation 
of carbon via reaction (6) are –1.53, –1.49 and –1.42 V at 540, 593 and 700 oC respectively.  At all 
temperatures studied, the standard potential for reaction (7) is –1.03 V.  From these two 
correspondences, it is highly likely that peaks (A1) and (A2) were associated with the oxidation of 
electro-deposited carbon. The oxidation peak (A3) at –0.30 V at all studied temperatures was likely 
due to the re-oxidation of the oxide ions  to O2 as given in reaction (5) and this corresponds to the 
given standard potential of around  –0.39 V at 700 oC.  Figure 2c shows CVs obtained at different 
scan rates at 540 
o
C.  As the scan rate increased from 10 to 100 mV s
–1
, an increase in the oxidation 
Table 1 – Standard Gibbs free energy changes for the reduction of Li2CO3 or K2CO3 to 
pure metal (Li or K), carbon or carbon monoxide, and their corresponding standard 
potentials vs. CO3
2
/CO2-O2 at the applied temperatures.  
MST 
(°C) 
Metal, 
M 
ΔG°M2CO3/M 
(kJ mol
1
)
 
E°M 
(V)
 
ΔG°M2CO3/C 
(kJ mol
1
) 
E°C 
(V) 
ΔG°M2CO3/CO 
(kJ mol
1
) 
E°CO 
(V) 
540 Li 581.3 3.01 661.4 1.71 388.4 2.01 
K 511.0 2.65 1181.8 3.06 735.1 3.81 
593 Li 568.8 2.94 646.1 1.67 373.9 1.93 
K 496.9 2.58 1160.8 3.00 716.8 3.71 
700 Li 543.6 2.82 615.3 1.59 344.6 1.79 
K 468.5 2.43 1118.4 2.90 679.9 3.52 
Notes: MST = molten salt temperature. Data of ΔG°M2CO3/M, E°M, ΔG°M2CO3/C and E°C 
were taken from Ref.[14], whilst data of ΔG°M2CO3/CO and E°CO were reported in Ref.[20]. 
8 
 
peak (A1) attributed to reaction (6) was observed. The small cathodic current measured at the 10 - 
20 mV s
–1
 scans clearly indicates that a small amount of charge was passed, more oxide ions were 
produced and re-oxidised at –0.30 V. At 700 oC (Figure 2d), the area and height of peak A1 
increased as the scan rate reduced, and peak (A3) on the other hand decreased with the increase in 
scan rate. Observation at 700 
o
C suggests that more carbon was produced at lower scan rates, 
leading to higher anodic peak (A1) for the re-oxidation of carbon.  The potentials of peak A1, A2 
and A3 depended on the scan rate, peak current and quantity of carbon deposited. Thus, the small 
differences between the peak and calculated potentials in the CVs are therefore not unexpected.  
 
3.2. Carbon deposition in the two electrode cell: Current efficiency and deposition rate 
In the two electrode cell, a voltage (potential difference) was applied between the cathode and the 
anode to deposit large quantities of carbon. In this laboratory, carbon deposition was observed at 
electrolysis voltages below 2.0 V. However, it was noticed that to deposit enough carbon on the 
cathode for further analyses in an acceptable period of experiment (e.g. 1 h), the voltage applied 
should be at or higher than 3.0 V. Both the amount of deposited carbon and the current efficiency 
depended on the electrolysis voltage and temperature as will be discussed below.  
From the current-time plots shown in Figure 3a, an initial increase in current followed by a 
steady current can be seen during 1.0 h of carbon deposition at 540 
o
C. (This temperature is just 50
 
o
C above the eutectic melting point of the mixed carbonate salts used and was selected for a 
compromise between consumption of thermal energy and facilitation of electrochemical 
reactions).The initial fast increase in current is likely due to the nucleation of carbon on the cathode 
and the increase in voltage resulted in an increase in the amount of carbon obtained. The carbonate 
ion is the dominant component of the molten salt and can undertake electrode reactions without 
involving diffusion. This explains why the current becomes steady after the initial nucleation. 
However, as seen in Figure 3b, at 5.0 V and 593 
o
C, a significant decrease in current was observed 
after 0.5 h of electrolysis. Similar behaviour was seen at 4.0 V and 700 
o
C in Figure 3c. The drop in 
current could be a result of the anode passivation at high voltages under the influence of the 
temperature. However, several current spikes appeared on the plot of 700 
o
C and 5.0 V in Figure 3c) 
which could be likely due to formation and burst of gas bubbles at either or both of the anode and 
cathode where the formation of CO is feasible according to reaction (3) and Table 1.     
 Current efficiencies and deposition rates given in Table 2 were calculated by the equations (1) 
and (2) below, respectively.  
 
  100%
iselectrolys actualin  passed Charge
obtainedcarbon  edeposit th toin theory  needed Charge
 = (%) efficiencyCurrent    (1) 
    
  time× area Deposition
carbon   wt.%×deposit  of mass Total
 = )h cm (g rate Deposition 1-1-           (2) 
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Figure 3 – Current-time plots recorded during electrolysis in molten Li2CO3-K2CO3 (mole 
ratio: 62:38) at (a) 540 °C, (b) 593 °C and (c) 700 
o
C and 3.0, 4.0 and 5.0 V under pure CO2, 
and (d) 593 
o
C and 4 V under mixed CO2 and N2 of indicated ratios. Cathode: 5 mm dia. mild 
steel rod. Anode: 6 mm dia. stainless steel rod. Overall gas flow rate: 200 mL min
1
. 
  
Across the different temperatures applied, very good current efficiencies (on average over 80 %) 
were obtained.  It should be mentioned that the amount of carbon collected after washing varied 
apparently due to the difficulty to recover all the carbon nanopowder. This should have contributed 
to the calculated current efficiency values to be underestimated. There could be another factor 
affecting the current efficiency. It was observed that when the electrolysis continued for a long time, 
e.g. 7 h, carbon debris were found to have floated and covered the whole surface of the melt. As a 
result, direct electron conduction through this layer of carbon debris must have happened, and hence 
decreased the current efficiency.  The carbon deposition rate was found to change with electrolysis 
time, voltage and temperature (5.0 < 4.0  > 3.0 V, and 540 > 593 > 700 
o
C). Increasing deposition 
time led to the decrease in the deposition rate especially at 5.0 V as shown in Table 2. Stepping up 
the temperature could improve the overall salt conductivity, but did not always increase the 
deposition rate. For example, the deposition rate was 0.0248 g cm
–2
 h
–1
 at 700 
o
C and 5.0 V, but 
increased to 0.1107 g cm
–2
 h
–1
 at 540 
o
C and 4.0 V. It should be mentioned that carbon deposition 
also occurred under pure N2, but this would result in both thermo- and electro-decomposition of the 
CO3
2-
 ion, and accumulation of oxide ions in the melt which could drive reaction (5) at the anode. 
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Under mixed CO2 in N2 gases, the deposition became quicker with increasing the CO2 partial 
pressure as shown in Figure 3d. Thus, utilising CO2 not only limits the decomposition of the molten 
salt, but also assists regeneration of the carbonate ions and the deposition.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3. Fundamental Characterisation of Deposited Carbon  
Thermogravimetric Analysis: When subjected to TGA in air, all deposited carbon samples 
exhibited weight losses and the results are presented in Figure 4a which also shows those of the KK 
and KLY27 chars as references. Assuming the weight loss was completely due to oxidation of 
materials that could undergo combustion in air, such as carbon, the average combustible material 
content (dry basis) was found to be over 80 wt.%. The non-combustible material content (NCC) 
was therefore the impurities trapped in the carbon matrix. In this study, the onset combustion (or 
oxidation) temperature (OCT) is defined as the temperature at which the carbon powders begin to 
undergo significant oxidation in air. OCT values of the deposited carbon after washing with HCl 
(2.3 mol L
1
) differed in a relatively narrow range from 310 to 370 
o
C, whilst those of the char 
references were about 100 
o
C higher. The other noticeable difference is that the TGA plots of the 
deposited carbon were much steeper in the weight loss period than those of the reference char 
samples. These TGA features of the deposited carbon may be due to the catalytic effect of the 
impurities (residual salts and metal oxides) during carbon oxidation in air as these were found to be 
very reactive with carbon at temperatures as low as 300 
o
C [25,26]. It could also result from 
variation in carbon structure and particle size due to changes in electrolysis conditions. More TGA 
results and discussion on rewashing the carbon with more concentrated HCl are given later.   
Table 2 – Rates of carbon deposition and current efficiencies calculated from 
data’s recorded during electrolysis in molten Li2CO3-K2CO3 (mole ratio: 
62:38) under CO2 at various temperatures and voltages. 
Voltage 
(V) 
Temperature 
(
o
C) 
Time     
(h) 
Deposition  rate 
(g cm
–1 
h
–1
) 
Current efficiency 
(% ) 
 
3 
540 1.0 0.0306 91 
593 1.0 0.0306 92 
700 1.0 0.0613 90 
     
 540 1.0 0.0917 99 
4 593 1.0 0.0851 100 
 700 1.0 0.0488 85 
     
 540 1.0 0.0712 98 
5 593 1.0 0.0665 88 
 700 1.0 0.0248 65 
     
 540 0.5 0.1107 78 
5 593 0.5 0.0874 89 
 700 0.5 0.0400 73 
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Figure 4 – TGA plots of carbon samples deposited from Li2CO3 –K2CO3 at (a) 593
 o
C,   
at 3.0, 4.0 and 5.0 V. (b) Heating rate versus temperature at different conversions of 
carbon deposited in Li2CO3–K2CO3 at 593 
o
C and 4.0 V. The samples were washed with 
2.3 mol L
1
 HCl and hot water.  Air at 0.2 MPa was used to carry out the oxidation.   
 
Combustion activation energy: In order to understand the combustion pattern of the carbon 
deposits, structural parameters such as the pore size distribution, surface area and combustion 
activation energy (CAE) were considered. Non-isothermal thermogravimetric based methods were 
used to determine the activation energy, and extensive details of this method have been described 
elsewhere [27, 28]. At each heating rate (β) used to carry out the oxidation, the corresponding 
conversion (X) was calculated by equation (3) from the weight loss data.   
 
 
NCC of masscarbon of mass Initial
carbon of mass totalcarbon  of mass Initial
X


          (3) 
 
 T1d
β)d(log
0.457
R
CAE

              (4) 
 
The plots of ln β versus 1/T are shown in Figure 4b for carbon deposited at a voltage of 4.0 V 
and MST of 540 
o
C. The fitted linear relationships obtained are almost parallel to each other, 
indicating almost constant activation energy over the wide range of conversions studied. Similar 
observations were obtained for carbon deposits obtained under other conditions.  CAE values were 
calculated from the slopes of the different lines in Figure 4b according to equation (4) and the 
average activation energy over different conversion rates are recorded in Table 3. The results shown 
in Table 3 suggest that as the MST increases, the CAE of the deposited carbon decreases. This is 
likely because of the small particle sizes obtained as the temperature increased which then lowered 
the minimum energy barrier that must be overcome before the oxidation of the carbon occurred. 
(b) (a) 
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Electron Microscopy: MST and voltage variations resulted in changes to the texture and/or 
morphology of the deposited carbon. At 540 
o
C, amorphous ring-like morphologies were mostly 
observed (Figure 5a), but as the voltage increased, the rings began to cleave (Figure 5b) and smaller 
particles were obtained (Figure 5c). This voltage effect was likely due to distortion in arrangement 
of carbon atoms because of fast carbon deposition. Aggregates observed in carbon deposited at 593 
and 700 
o
C were found to be composed of smaller quasi-spherical particles (50 - 400 nm, Figure 5c 
and 5d). Increasing the MST led to shrinkage of all particles (Figure 5e), likely due to faster 
nucleation or oxidation of the carbon surface by the electrolyte. Flat sheets (Figure 5f and 5g) were 
often observed in carbon samples deposited at higher temperatures and voltages than spheres 
(Figure 5h). The high-resolution TEM (HRTEM) image (Figure 5d) also revealed nano-particulates 
with an impurity core enclosed by multiple carbon layers. EDX analyses on TEM images in 
selected areas of high impurity contents confirmed the presence of Fe and Cr.  However, on most 
TEM images, the EDX analyses revealed high carbon content with 5 - 10 wt. % oxygen. In 
summary, the TEM images in Figure 5 and the associated EDX analyses confirm the dependence of 
the structure/texture of the deposited carbon on the electrolysis temperature and voltage.      
 
X-ray Diffraction: The XRD patterns of the deposited carbon powders obtained under different 
electrolysis conditions are displayed in Figure 6a. The characteristic peak at 2θ ≈ 23 o can be 
attributed to the presence of amorphous phases, which was dominant in the entire carbon. The 
results showed that the intensity of the peak of the amorphous phase increased with increasing the 
MST, suggesting possible changes in structure of the carbon nanoparticlates. The rise in voltage 
also led to the decrease in amorphous peak intensity. Amorphous appearance observed across all the 
carbon deposits studied at low 2θ is in strong agreement with the TEM results. The impurities 
explain the characteristic peaks at angles of 37
o
, 42
o
 and 62
o
, which are assigned to magnetite, 
Li5Fe5O8 and Fe3O4 respectively. The particle sizes of the impurities were estimated from the 
diffraction peak width to be in the range from 3 to 15 nm. At 540 
o
C, the intensity of the 
characteristic impurity peaks increases with increasing voltage indicating the spike in anode 
dissolution with voltage. The drop in the intensities with voltage at 593 and 700 
o
C could be due to 
Table 3 – Average values of combustion activation energy for carbon samples 
deposited in Li2CO3 –K2CO3 at various temperatures and voltages. 
 Cell voltage 
 3.0 V 4.0 V 5.0 V 
Temperature (
o
C)  Ea (kJ mol
–1
) 
540 158 165 171 
593 152 158 160 
700 131 142 148 
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the reduced dissolution at these temperatures. On these XRD patterns, no distinguished diffraction 
peaks of graphitised carbon were observed. These results strongly indicate that the carbon samples 
were generally amorphous in nature with traces of impurities embedded into the carbon matrix. 
 
Figure 5 – TEM and HRTEM Images of carbon deposited at (a) 540 oC and 3.0 V, (b) 540 oC and 4 
V, (c and d) 540 
o
C and 5.0 V, (e) 700 
o
C and 3.0 V, (f and h) 700 
o
C and 4.0 V, and (g) 593 
o
C and 
4.0 V in molten Li2CO3–K2CO3 (mole ratio: 62:38 ) after 1 h.  
200 nm 
(e) (f) 
540 oC, 3.0 V 540 oC, 4.0 V 
540 oC, 5.0 V 540 oC, 5.0 V 
700 oC, 3.0 V 700 
oC, 4.0 V 
(a) (b) 
(c) 
100 nm 100 nm 
100 nm 
(d) 
500 nm 
200 nm 
(g) 
500 nm 
 
(h) 593 oC, 4.0 V 700 
oC, 4.0 V 
14 
 
 
 
 
 
 
 
 
 
 
Figure 6 – (a) XRD patterns, and (b) adsorption isotherms of carbon deposited in 
Li2CO3 – K2CO3 at the indicated cell voltages and temperatures.  
 
Elemental analysis: EDX was applied to study the deposited carbon after washing with HCl (2.3 
mol L
1
). Typical results are given in Table 4, showing the average carbon content of 75 wt. % (or 
83 at. %) with oxygen at 15 wt. % (or 18 at. %) in the deposits.  The high oxygen content could 
have different origins. The deposited carbon was composed of nanoparticulates whose surface 
might have been stabilised by for example carboxyl and hydroxyl groups.  TGA revealed moisture 
contents of 5 - 8 wt.% in the samples dried at 60 
o
C in air. Thus, for EDX analysis, the samples 
were further dried at 120 
o
C under vacuum. Also, as shown in Table 4, the carbon deposits, even 
after washing with 2.3 mol L
1
 HCl, contained just under 8 wt.% impurities (Fe, Cr, Cl and K) of 
which the metallic impurities (Fe and Cr) were obviously related to the use of the stainless steel 
anode and the retort.     
In Table 4, the Cr and Fe contents in the carbon reduce with the voltage (3.0 > 4.0 > 5.0 V), 
suggesting passivation of the anode dominated at higher temperatures (700 > 593 > 540 
o
C) while 
the dissolution of the anode occurred at lower temperatures (540 > 593> 700 
o
C). The net effects of 
these two processes likely explain the presence of metallic impurities in the carbon deposits. Further 
reduction of the impurity content was achieved by rewashing the deposited carbon with more 
concentrated HCl and drying under vacuum at 120 
o
C, and the results are shown in Table 5a.  It can 
be seen that raising the MST led to an increase in the carbon content and decrease in the O, Fe and 
K contents, except for Cr whose oxide is known to be more resistant to acid attack.  Note that the 
maximum oxygen content (up to 14 wt. %) measured by the EDX associated with the SEM as given 
in Table 5 were higher than that by EDX-TEM (up to 10 wt. %). This was likely because the EDX-
SEM analyses were at lower resolutions than the EDX-TEM analyses. Consequently, EDX-SEM 
detected both the metal oxide impurities and oxygen bonded to the carbon, whilst EDX-TEM was 
most likely restricted to the bonded oxygen on individual carbon particles. 
 
700 oC  
 
593 oC  
 
540 oC  
5 V 4 V 3 V 
(a) (b) 
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Table 4 – Elemental composition of carbon deposited after 1 h electrolysis in Li2CO3 –K2CO3 (mole 
ratio: 62: 38) at 593 
o
C and different cell voltages. Samples were washed with 2.3 mol L
–1
 HCl. 
Cell voltage 
 3.0 V 4.0 V 5.0 V 3.0 V 4.0 V 5.0 V 
Element Atomic % Weight % 
C (K) 83.69 82.25 82.00 73.85 75.67 75.00 
O (K) 13.17 16.36 15.91 15.48 20.05 19.37 
Cl (K) 0.07 0.04 - 0.17 0.10 - 
K (K) 0.64 0.34 0.63 1.85 1.01 1.87 
Cr (K) 0.12 0.01 - 0.48 0.05 - 
Fe (K) 1.68 0.44 0.33 6.88 1.88 1.39 
 
Table 5 – Elemental composition of carbon deposited after 1 h electrolysis in Li2CO3 –K2CO3 (mole 
ratio: 62: 38) at (a) 593 
o
C and different cell voltages, and (b) 4.0 V and different molten salt 
temperatures. Samples were rewashed with 7.8 mol L
–1
 HCl. 
(a) Cell voltage 
 3.0 V 4.0 V 5.0 V 3.0 V 4.0 V 5.0 V 
Element Atomic % Weight % 
C (K) 88.82 89.16 91.57 83.39 85.20 88.54 
O (K) 10.23 10.60 8.19 12.80 13.85 10.71 
K (K) 0.18 0.09 0.14 0.55 0.28 0.45 
Cr (K) 0.30 - - 1.20 - - 
Fe (K) 0.47 0.15 0.27 2.07 0.68 0.47 
 
 
 
 
 
 
 
 
      
TGA characterization of carbon samples rewashed in 7.8 mol L
–1
 HCl revealed that the OCT 
values were in the range of 360 – 430 oC, which are higher than those obtained before rewashing. 
The combustible content of carbon deposited at 700 
o 
C at different voltages on average was over 95 
wt. % (Figure 7). The corresponding OCT values for carbon deposited at 3.0, 4.0 and 5.0 V were 
390, 410 and 430 
o
C respectively. Because the oxide impurities (except for the acid resistant 
chromium oxide) were significantly removed during rewashing, the observed OCT increase agrees 
   (b)  Temperature  
o
C 
 540 593 700   540 593 700  
Element Atomic %  Weight % 
C (K) 88.56 89.16 95.02  83.56 85.20 92.33 
O (K) 10.71 10.60 4.37 13.46 13.85 5.65 
K (K) 0.13 0.09 0.38 1.12 0.28 1.73 
Cr (K) 0.20 - - 0.79 - - 
Fe (K) 0.42 0.15 0.06 1.83 0.68 0.28 
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with their catalytic activity to carbon combustion. The carbon content of both the KLY27 and KK 
char samples were 75 and 85 wt. %, but their corresponding OCT values were 465 and 475 
o
C 
respectively. Ash analysis indicated that both char samples contained mostly SiO2 followed by 
Al2O3, Fe2O3, CaO, K2O and others.  KLY27 on the other hand had higher percentages of the 
mentioned oxides than KK.  The Fe2O3 content was 11.80 and 4.01 wt. %, while the CaO content 
was 1.36 and 8.03 wt.%  in KLY27 and KK, respectively. The high amounts of oxides, such as CaO 
and Fe2O3, in the char samples can explain their similar reactivity (see slopes in Figure 7) [29, 30]. 
However, the deposited carbon samples after rewashing still had lower OCT values and also steeper 
slopes in the weight loss period on the TGA plots in Figure 7 than the reference chars. Thus, in 
addition to the catalytic effect of the NCC, the nano-structures of the deposited carbon had highly 
likely contributed to their TGA behaviour, i.e. easy combustion in air. 
  
 
Figure 7 – TGA plots of carbon samples deposited from Li2CO3 –K2CO3 at 700 
o
C and 3.0, 
4.0 and 5.0 V after washing with7.8 mol L
–1
 HCl.  Atmosphere: Air at 0.2 MPa. 
 
Porosity Characterisation: The carbon samples exhibited a type IV class adsorption isotherm as  
 shown in Figure 6b according to the IUPAC classification [31]. The small H3 hysteresis loop 
observed indicates a strong presence of mesopores (2 - 50 nm) which does not exhibit any limiting 
adsorption at high relative pressures. The carbon powders were thus likely aggregates of plate-like 
particles that gave rise to slit-shaped pores. This characterisation matches the carbon deposits that 
appeared as sheet- and sphere-like morphologies according to the TEM images in Figure 5. 
Although the isotherm data indicated a type IV isotherm, there was a significant amount of 
micropores (< 2 nm) suggesting that carbon samples contained all pore sizes. The porosity 
characterisation of the deposited carbon powders measured (Table 6) shows that the BET specific 
surface area (SBET) decreased with increasing the MST (540 > 593 > 700 
o
C) and increased with the 
voltage (3.0 > 4.0 > 5.0 V). The maximum SBET obtained was 585 m
2 
g
–1
 for carbon powder 
deposited at 5.0 V, 540 
o
C while the minimum recorded was 278 m
2 
g
–1
 for the 3.0 V, 700 
o
C sample. 
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These changes in SBET with temperatures are in line with both the TEM and XRD observations as 
these also showed changes in structure of carbon samples with electrolysis variables. Apparently, 
because the deposited carbons consisted of various nanoparticulates, structural variations were more 
prominent in the TEM images than on the XRD patterns which differed only by peak intensity.   
At 540 
o
C, the carbon powders were mostly comprised of aggregated ring-like nanoparticles 
(Figure 5a) which likely explain the higher SBET obtained. On the other hand at 700 
o
C, the larger 
flat sheet structures (Figure 5f) possibly resulted in the lower SBET.  As the voltage increased, 
nucleation became more favourable than particle growth in the carbon deposition process, implying 
formation of more smaller particles and hence the overall increase in SBET. The total pore volume 
derived from using the single point adsorption at the relative pressure of 0.98 ranged from 0.23 to 
0.65 cm
3 
g
–1
. Increasing voltage changed the amount of mesopores (3.0 > 4.0 > 5.0 V) and the 
mesopore fraction reduced with MST (540 > 593 > 700 
o
C). This means that carbon deposited at 
higher temperatures contained more micropores compared to those at low temperatures. 
 
Table 6 – Specific surface area and pore volume of carbon deposited from Li2CO3 –K2CO3 after 1 h 
electrolysis under different conditions. (S: Specific surface area; V: Pore volume.) 
Voltage, MST  SBET (m
2
g
–1
)  Vtotal (cm
3
g
–1
) 
3 V, 540
 o
C 399 0.477 
4 V, 540
 o
C 538 0.551 
5 V, 540
 o
C 585 0.650 
3 V, 593
 o
C 478 0.460 
4 V, 593
 o
C 522 0.402 
5 V, 593
 o
C 565 0.494 
3 V, 700
 o
C 278 0.296 
4 V, 700
 o
C 329 0.306 
5 V, 700
 o
C 416 0.304 
 
 
 3.4. Energy Analysis 
 
The energy penalty for the successful indirect conversion of CO2 to carbon in molten carbonate 
salts can be split into two main parts. The first is that necessary to carry out the electrolysis. The 
enthalpy change and Gibbs free energy change for carbon combustion at 540 
o
C are both about 33 
kJ g
–1
-C (or 9 kJ g
–1
-CO2) which corresponds to a standard cell voltage of 1.025 V. The energy 
consumption for carbon electrodeposition in the experiments can be calculated via equation (5), 
 
 
 efficiencyCurrent  masscarbon  Deposited
12  passed Charge Voltage
 )mol (kJn consumptioEnergy 1-


      (5) 
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Assuming a cell voltage of 4.0 V with a current efficiency of 90 % (cf. Table 2), the energy 
consumption for the conversion of CO2 to carbon by electrolysis would be 143 kJ g-C
–1
 (or 39 kJ g-
CO2
–1
). Relatively high cell voltages (3.0 – 5.0 V) were applied in this work to overcome the 
electrochemical, concentration and ohmic polarisations, and to encourage a sufficiently high 
production rate. According to the CVs in Figure 2, on the platinum electrode, the difference 
between the current onset potentials of C1 for reaction (1) and A3 for reaction (5) is about 1.20 V. 
The small voltage loss versus the predicted standard cell voltage of 1.025 V can be attributed to the 
interactions between the cations (Li
+
 and K
+
) and anions (CO3
2
 and O
2
) in the Li2CO3-K2CO3 melt. 
In the two electrode cell, however, the use of the mild steel cathode and the stainless steel anode 
could have contributed to increasing electrochemical polarisations. Also, the activity of O
2
 ions in 
melt would be almost zero in the beginning and not to increase too much during electrolysis due to 
the thermodynamically favourable reaction (8) below. It occurs in the molten salt, and hence can 
hijack the O
2
 ions generated at the cathode before they can reach at the anode.  
 CO2 + O
2
 → CO3
2 
              (8) 
This means that instead of reaction (5), the anode reaction was more likely reaction (4) in 
electrolysis, corresponding to A4 on the CVs in Figure 2. The cell voltage would be comparable to 
the value of E
o
C for Li as listed in Table 1. Obviously, reaction (8) is needed to regenerate the CO3
2
 
consumed at the cathode, but its impact on the process energy consumption as explained here has 
not yet been recognised in previous studies.  From the viewpoint of reactor engineering, reaction (8) 
can be avoided in the bulk of the melt by confining the CO2 supply to the vicinity of the cathode, 
and this strategy is being investigated in this laboratory.  On the other hand, from thermodynamic 
consideration, the overpotential required for carbon deposition on a bare metal electrode would be 
larger than that on a carbon or carbon covered electrode surface. Cell resistance in this work was 
also not minimised. Exploring therefore these improvement opportunities should lead to the 
decrease in the energy required for electrolysis.   
 Heating the molten salt and maintaining its temperature are the second main energy penalty for 
the electrolytic reduction process. The energy required to heat up the salt would be a one off cost in 
the life cycle of the molten salt. The current passing through the melt during electrolysis can 
possibly provide sufficient heat to maintain the salt temperature in a well designed cell. The use of a 
solar step simulator for the conversion of CO2 to carbon or CO in molten Li2CO3 in the range of 
750 - 950 
o
C has been demonstrated to be a feasible outlet to explore [32]. The binary or tertiary 
carbonate mixtures with lower liquid temperatures can surely assist the utilisation of solar heat and 
other low temperature waste heat that is often associated with the various CO2 emission processes. 
Thus, in comparison with electrolysis, heating may account for a much smaller portion of the 
overall energy consumption of the process.  
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4. Conclusions 
 
Amorphous and nanoparticulate carbon deposits were produced by electrolysis in the molten 
eutectic mixture of Li2CO3-K2CO3 at 3.0 - 5.0 V and 540 - 700 
o
C.  The main cathodic process was 
the reduction of carbonate ions to carbon while the anodic reactions involved either the oxidation of 
carbonate or oxide ions. The molten salt temperature and electrolysis voltage were found to 
influence the carbon deposition rate and the composition and structure of the deposited carbon. The 
deposition rates obtained were between 0.0248 and 0.1107 g cm
–2
 h
–1
 for 3.0 V, 700 
o
C and 5.0 V, 
540 
o
C respectively. The carbon content of the deposit obtained from both EDX and TGA were in 
the range of 75 - 88 wt. %. Complete oxidation or combustion of the deposited carbon occurred 
within 600 s at 450 
o
C and the low combustion temperature was likely due to the catalytic effect of 
the non-combustible materials and the small size of the carbon particles. The average activation 
energy of the carbon ranged from 107 to 201 kJ mol
–1
 and carbon deposited at higher temperatures 
were more energetic. Porosity characterisation revealed high specific surface areas in samples 
obtained at low temperatures and high voltages. The highest specific surface area obtained was 585 
m
2 
g
–1
 for carbon deposited at 540 
o
C and 5.0 V. A brief energy analysis indicates that there are 
rooms for improvement of the process in terms of energy consumption, and engineering 
optimisation of the electrolysis cell will be one of the key development tasks.  
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